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Abstract
Ocean warming causes stress to corals and records reveal that periods of thermal
stress are increasing in frequency and severity. Previous studies show that thermal stress
negatively impacts the reproductive output of corals. However, the transgenerational
impacts of coral bleaching have never been quantified. As a consequence, it is unclear
how ocean warming may alter population dynamics due to effects on reproduction and
recruitment. This study quantified the transgenerational impacts of thermal stress in
Montastraea cavernosa. To assess transgenerational effects of temperature stress during
gametogenesis, colonies were exposed to elevated temperature for two weeks four
months prior to spawning, and then returned to the reef. At spawning, eggs were
collected to measure egg diameter and eggs from stressed females were significantly
smaller than those from unstressed females. Then gametes from temperature stressed and
unstressed corals were combined to create four fertilization crosses: unstressed female
and male, unstressed female with stressed male, stressed female with unstressed male,
and stressed female and male. Larvae and juveniles from each cross were kept at ambient
(29°C) and elevated (31°C) temperatures. Larvae originating from stressed gametes
overall had lower survival, but the separate effects of the male and female revealed
paternal transgenerational acclimation and negative maternal effects. There were no
transgenerational effects on initial size of juveniles, but elevated temperature in the larval
stage decreased initial size. The transgenerational effects on juvenile survival were
negative parental effects. Juvenile growth rate was only affected by adult male exposure
to thermal stress. Juveniles originating from a thermally stressed male had higher growth
rates. The timing of the thermal stress, which was during oogenesis and before
spermatogenesis, most likely explains why negative effects were observed from the
female and positive effects from the male. These results demonstrate that temperature
stress has varying transgenerational effects.

Keywords: Coral, thermal stress, reproduction, transgenerational, larvae, juvenile,
survival, growth, competency
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1. Introduction
1.1. Importance and Current State of Coral Reefs

As one of the most diverse and complex ecosystems, coral reefs support thousands of
fish and invertebrate species (Stoddart 1969; Hughes 1989). In addition, many coastal
communities depend on coral reefs for food, shoreline protection, and a source of income
from fishing and tourism industries (Moberg and Folke 1999). These services that coral
reefs supply are valued over $375 billion per year (Pandolfi et al. 2003). Coral reefs
worldwide are currently experiencing degradation due to many direct and indirect
anthropogenic stressors (Goreau 1992; Glynn 1996; Brown 1997). Direct anthropogenic
stressors include pollution, sedimentation, over-fishing and freshwater runoff (Sebens
1994; Hughes et al. 2003). However, the current major threats are ocean acidification and
global warming. These indirect anthropogenic stressors are caused by increases in
greenhouse gases, mainly CO2, that result from the consumption of fossil fuels (Lough
and van Oppen 2009). At the beginning of the industrial revolution, atmospheric CO2
concentration was around 280 ppm; today’s value has risen to 400 ppm (IPCC 2014).
Increases in CO2 result in rising air and sea surface temperatures, which alter ecosystem
dynamics and negatively impact coral reefs.

1.2. Thermal Stress and Coral Bleaching

Due to ocean warming, corals have frequently been exposed to temperatures outside
of their normal range, which causes stress and potentially bleaching (Jokiel and Coles
1990; Hughes et al. 2003; Carpenter et al. 2008; Lough and van Oppen 2009). Healthy
corals have associations with symbiotic microalgae of the genus Symbiodinium (Odum
and Odum 1955; Muscatine and Porter 1977). Symbiodinium perform photosynthesis
within the coral host to which they transfer the products of photosynthesis (Trench 1979;
Muscatine 1990). These products are critical to the host because they supply the coral
with up to 100% of its daily metabolic energy requirements (Grottoli et al. 2006).
However, this symbiosis can be disrupted under many different stressors or combination
of stressors, such as high ultraviolet radiation, reduced salinity, bacterial infection, low or
1

high temperatures, and human disturbances (Goreau 1964; Jokiel and Coles 1977;
Hoegh-Guldberg and Smith 1989; Glynn and D’Croz 1990; Brown et al. 1995; Glynn
1996). The algal endosymbionts may either be expelled or lose their photosynthetic
pigments (Jokiel and Coles 1977; Hoegh-Guldberg and Smith 1989; Iglesias-Prieto et al.
1992; Fitt and Warner 1995). When the Symbiodinium or pigments are absent, then the
coral appears pale or white because of the skeleton showing through the colorless coral
tissue, i.e. bleaching (Glynn 1996; Mendes and Woodley 2002). If the period of elevated
temperature is prolonged or at a high intensity, the coral will not regain its symbionts and
can die (Glynn and D’Croz 1990).

Currently, thermal stress from increasing sea surface temperatures is the most
common cause of bleaching (Glynn and D’Croz 1990; Glynn 1993; Hoegh-Guldberg
1999). Many corals bleach only with a 1–2°C increase above the historical mean summer
maximum sea temperature (29–32°C for Southeast Florida and the Caribbean; Glynn
1993; Baird et al. 2008). Like many other tropical species, corals have evolved in very
stable temperature environments and therefore are more sensitive to small fluctuations in
temperature (Tewksbury et al. 2008; Lough and van Oppen 2009). With higher
temperatures, symbionts experience oxidative stress to photosystem II (Iglesias-Prieto et
al. 1992). Under high oxidative stress, the rate repair cannot compensate for the rate of
damage and photoinhibition occurs in photosystem II (Iglesias-Prieto et al. 1992; Aro
2005). Photoinhibition is accelerated when sea surface temperatures are elevated (Warner
et al. 1999) and as a result the Symbiodinium may either lose photopigments or be
expelled (Wall et al. 2014), therefore no longer providing corals the excess fixed carbon,
including essential lipids and carbohydrates (Grottoli et al. 2004). Without the
contribution from the Symbiodinium, corals start depleting their energy reserves and
maintenance processes, such as lesion repair, (Porter et al. 1989; Harland et al. 1993;
Grottoli et al. 2004) become very energetically costly (Szmant and Gassman 1990; Glynn
et al.1992; Fitt et al. 1993; Yamashiro et al. 2005; Anthony et al. 2007).
The National Oceanic and Atmospheric Administration (NOAA) has established a
Coral Reef Watch to identify and track areas of reef at risk of thermal stress and
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bleaching (Liu et al. 2006). Using satellites, sea surface temperature (SST) is recorded
and compared to past long-term sea surface temperatures to determine if temperature
anomalies are occurring. These anomalies are added together to determine Degree
Heating Weeks (DHW) that shows how much thermal stress has accumulated in an area
over time. The DHW values then translate into bleaching alert levels (Table 1). At a
DHW value of 4, significant bleaching occurs and at a value of 8, widespread bleaching
occurs.
Table 1: Bleaching alerts levels designated by NOAA’s Coral Reef Watch.
Status
Interpretation
Definition
No Stress
No thermal Stress
SST < maximum monthly mean
SST > Maximum monthly mean,
Watch
Low-level thermal stress
< bleaching threshold
Warning
Thermal Stress is Accumulating
SST > bleaching threshold, DHW > 0
Alert Level 1
Bleaching Expected
SST > bleaching threshold, DHW ≥ 4
Alert Level 2
Widespread bleaching and some morality
SST > bleaching threshold, DHW ≥ 8

In recent years, bleaching events have become more frequent worldwide. In July
2013, elevated temperatures in Southeast Florida generated a Bleaching Watch and
caused low-level thermal stress to the corals (Figure 1; NOAA Coral Reef Watch 2013).
The SST continued to increase and the status was escalated to a Bleaching Warning, with
corals experiencing accumulated thermal stress. The SST eventually returned to no stress
by mid-September. The bleaching event in Southeast Florida in 2014 was more severe
(NOAA Coral Reef Watch 2014). Thermal stress began in June and crossed the bleaching
threshold in July. Bleaching began in August and reached Alert Level 1 (DHW ≥ 4)
through September where significant bleaching occurred. Temperatures returned to a no
stress level by October. These records and others worldwide (e.g. bleaching in Great
Barrier Reef in 2016, Caribbean in 2015, and Hawaii in 2014), demonstrate that periods
of elevated temperatures are occurring more frequently and with greater intensity (Glynn
1996; Baird and Marshall 2002; Anthony et al. 2009).

3

Figure 1: Southeast Florida bleaching data from 2013–2014.

1.3. Coral Life Cycle
Sexual reproduction is critical for maintenance and recovery of coral populations
(Riegl and Piller 2003; Gilmour et al. 2013). However, periods of elevated temperature
that cause thermal stress to corals have been known to negatively affect coral
reproduction (Szmant and Gassman 1990; Michalek-Wagner and Willis 2001a, b; Omori
et al. 2001; Cox 2007; Rodrigues et al. 2008; Baird et al. 2009; McClanahan et al. 2009).
The basic process of sexual reproduction includes: gamete development and fertilization,
larval development and dispersal, and larval settlement and metamorphosis into a
juvenile coral (Szmant-Froelich et al. 1980; Szmant 1986; Harrison and Wallace 1990;
Richmond 1993).
Broadcast spawning corals release gametes that fertilize externally in the water
column (Baird et al. 2009). The length of gameteogenesis in broadcasting corals differs
between oogenesis and spermatogenesis. Oogenesis typically takes nine months
(November to August in Southeast Florida), while spermatogenesis typically takes only
three months (May to August in Southeast Florida; Szmant-Froelich et al. 1980;
Richmond and Hunter 1990; Vargas-Ángel et al. 2006). Corals are either hermaphroditic,
capable of both male and female functions, or gonochoric, with separate male and female
colonies (Babcock et al. 1986; Harrison and Wallace 1990; Baird et al. 2009).
Embryos of broadcast spawning corals develop in the water column and can take
several days to reach the larval stage (Babcock and Heyward 1986; Nishikawa et al.
4

2003). Coral larvae are lecithotrophic and therefore depend on the energy allocated by the
parents to the gametes to survive (Yamashiro et al. 1999; Harii et al. 2010). These energy
reserves are also important for their buoyancy (Babcock and Heyward 1986; Arai et al.
1993; Alamaru et al. 2009). Dispersal potential of coral larvae depends on the timing of
reproduction, parental energy reserves allocated to the gametes, larval survival and
competency periods, and ocean currents (Babcock and Heyward 1986; Richmond and
Hunter 1990).
Since the larvae of broadcast spawning corals develop externally, they spend an
obligatory period as plankton before being capable to settle (i.e. being competent;
Richmond and Hunter 1990; Nishikawa et al. 2003). Species with a shorter obligatory
period in the plankton (i.e. pre-competency time), generally display higher levels of local
retention (Figueiredo et al. 2013). After a long period in the water column, larvae exhaust
their energy reserves and lose competency, i.e. become unable to settle (Harii et al. 2007.
Larvae that have been allocated less energy by the parents are expected to die and/or lose
competency earlier on (Figueiredo et al. 2013). Larval survival and the timing of loss of
competency determine dispersal potential and the degree of connectivity of populations.
Therefore, a reduction of the energy reserves in adults would reduce the energy allocation
to the offspring and ultimately affect their dispersal potential, recruitment success, and
connectivity (Harii et al. 2007). Broadcast spawning corals have horizontal transmission
of their symbionts, such that larvae are aposymbiotic and offspring can acquire symbionts
late in the larval stage or early in the juvenile stage (Baird et al. 2007; Cumbo et al.
2013). After settlement and metamorphosis, the newly formed coral juvenile continues to
grow and mature over time into an adult.
1.4. Thermal Stress Effects On and Beyond

Although previous studies on reproduction after bleaching have revealed valuable
information on the negative impacts on reproductive output (Coles and Jokiel 1978;
Szmant and Gassman 1990; Ward et al. 2000; Michalek-Wagner and Willis 2001a, b;
Omori et al. 2001; Mendes and Woodley 2002; Cox 2007; McClanahan et al. 2009;
Levitan et al. 2014), existent studies end after spawning and thus do not assess the effects
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of thermal stress on the remainder of the coral life cycle. The transgenerational effects of
thermal stress on coral larvae and juveniles remain unclear. Transgenerational effects
occur when experiences or conditions during the adult stage generate positive or negative
effects on the subsequent generation. Positive effects increase the fitness of the next
generation through symbionts, hormones, enzymes, pathogens, or manipulation of gene
expression to produce a certain phenotype (Rossiter 1996). These effects may be
reflected on gamete performance (gamete phenotypic plasticity; Jensen et al. 2014), or in
the embryo/larvae, juvenile and/or next adult stage (transgenerational acclimation,
Rossiter 1996; Mousseau and Fox 1998). For example, exposure to elevated temperature
in the damselfish Acanthochromis polyacanthus typically decreases their ability to swim
and forage. However, when parents and offspring were reared at elevated temperatures
there was complete compensation in aerobic activities (Donelson et al. 2012). Negative
effects from the adults to any subsequent stage are called negative parental (maternal
and/or paternal) effects and decrease survival and/or performance. For example, when
adults of the mussel Mytilus edulis were fed a lower quantity of food, the larvae they
produced had lower settlement success and lower growth rate (Bayne et al. 1975). Only
one study thus far has examined the transgenerational effects of thermal stress on a
scleractinian coral (Putnam and Gates 2015). When adult colonies of Pocillopora
damicornis were exposed to lower pH and elevated temperatures during the brooding
period, the resulting larvae demonstrated reduced respiration in comparison to larvae
brooded under ambient conditions. Reduced respiration is beneficial since the acclimated
larvae had reduced energy expenditure. However, demographics that are important in
determining population dynamics and species persistence, such as settlement success,
survival and growth, were not measured.
In addition, there are no studies that have considered the impact of thermal stress on
corals at different times of the gametogenic cycle. As oceans continue to warm, thermal
stress events will be more frequent and may occur at different times of the year. Thermal
stress may occur before, during, or after gametogenesis. Figure 2 shows SST data from
2014 and 2015 (NOAA Coral Reef Watch 2014, 2015) and predicted future SST in 2050
based on RCP 8.5 (IPCC 2014). Under future conditions, thermal stress (temperatures
above maximum the highest monthly mean) and bleaching (temperatures above the
6

bleaching threshold) will occur more frequently and during a longer period of the year. In
both 2014 and 2015, stress and bleaching only occurred in the summer months from June
to September. However, by 2050 thermal stress and bleaching is expected to extend at
least one month earlier and only terminate one month later. This means that thermal
stress can occur as early as May and continue through October. As shown in Figure 2,
thermal stress and bleaching in the future may occur prior to or in the middle of
oogenesis. In relation to spermatogenesis, elevated temperatures will occur just after the
onset of spermatogenesis. This change in timing of thermal stress may be an important
factor in determining if corals will reproduce and, if they do reproduce, the type of
transgenerational effect observed. Due to different timings of elevated temperatures,
oogenesis and spermatogenesis may be affected differently. Since the maintenance of
coral populations and rates of recovery are determined by larval survival, dispersal
potential, competency dynamics and juvenile survival and growth (Ayre and Hughes
2004; Graham et al. 2006; Gilmour et al. 2013), it is critical to quantify the
transgenerational effects of thermal stress on larvae and juveniles to inform management
and assist decision-making actions to increase coral resiliency to climate change.

Temperature (°C)

Bleaching Threshold
35
34
33
32
31
30
29
28
27
26
25
24
23
22

Max Monthly Mean C

Spawning

Spermatogenesis
SST +2

Oogenesis

SST

Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sep
Oct
Nov
Dec

1 32 60 91 121152182213244274305335366397425456486517547578609639670700

Figure 2: Sea surface temperature (°C) from 2014 and 2015 (NOAA Coral Reef Watch 2014, 2015) and
projected sea surface temperature by the year 2050 (RCP 8.5, IPCC 2014). The temperatures of the max
monthly mean and bleaching threshold for Southeast Florida are shown. Period of oogenesis and
spermatogenesis typical of a broadcast spawning coral are shown in pink and blue, respectively. Typical
spawning time is also shown.
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1.5. Objectives

The overall goal of this project was to quantify the transgenerational effects of
thermal stress that occurs during gametogenesis. Specifically:
1. Measure the effect of thermal stress on egg size;
2. Assess the transgenerational effects of thermal stress on larval survival and settlement
size
3. Assess the transgenerational effects of thermal stress on juvenile survival and growth.

2. Methods

2.1. Species Description

Montastraea cavernosa (Figure 3) was chosen based on its reproductive strategy and
known gametogenic cycle (Szmant 1991; Glynn 1992). Montastraea cavernosa is a
gonochoric broadcast spawning with an annual reproduction cycle (Szmant 1986, 1991;
Baird et al. 2009). Each year, oogenesis begins in November, nine to ten months prior to
spawning, and spermatogenesis begins around May, three months prior to spawning
(Szmant 1986, 1991). Spawning of M. cavernosa occurs one week after the August full
moon (Szmant 1986). Notably, M. cavernosa is the dominant scleractinian in Broward
County, FL, where this study was conducted (Moyer et al. 2003).

Figure 3: Montastraea cavernosa from Broward County, Florida.
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2.2. Coral Collection

Corals were collected at two time points. Fifteen healthy corals, 30 cm in diameter,
were collected on May 8, 2015 from sites in Broward County, FL (Table 2). These
colonies were exposed to a thermal stress (see 2.4) and then returned to the reef with
metal tags nailed into the substrate. Three days prior to the full moon on August 26,
2015, 13 of the 15 colonies exposed to the thermal stress were re-collected for spawning.
Two of the colonies did not meet the Coral Visual Health Assessment criteria and were
not re-collected. In addition, 13 new healthy colonies, 30 cm in diameter, not exposed to
thermal stress were collected from Broward County, FL.
Table 2: Location of collection sites
Site
Latitude
Longitude
FTL1
26.1531667
-80.0891667
FTL4
26.1367667
-80.09125
BCA
26.14321667
-80.09181667

For all corals, divers identified colonies suitable for collection and took a picture of
each colony prior to removal in order to track and identify the colonies. The colonies
were removed from the substrate with pry bars at the base of the colony to prevent tissue
damage. When tags were present, the tags were also removed from the substrate. Divers
brought the corals (and tags) up to the boat in dish racks and the corals were then
immediately wrapped in bubble wrap and placed in coolers. The coolers were filled with
seawater from the site and temperature inside the coolers was monitored. Water changes
were performed every 15 minutes to maintain temperature, adequate oxygen, and prevent
desiccation. Colonies were transferred to Nova Southeastern University’s (NSU) Guy
Harvey Oceanographic Center (GHOC) outdoor aquaria. While in the field, temperature
(27°C) was measured with an YSI® Pro20 temperature probe and the irradiance at solar
noon (215 µmol photons/m2s) was measured with a Li-Cor® Li-250A light meter and Li192 Quantum Underwater Sensor at the depth with the corals were collected.

9

2.3. Histology

To confirm the stage of development of the gametes at the time of the thermal stress
event, histological samples from colonies of M. cavernosa were taken on May 8, 2015
from colonies in the field (not collected). This procedure was done to prevent additional
stress to the colonies used for the thermal stress treatment. In total, 10 samples (1 per
colony) were taken from sites in Broward County. Samples were taken from the middle
of the colony to avoid non-reproductive polyps using hammers and chisels (Szmant
1986). Epoxy was used to fill in the space were the tissue was removed. The samples
were then placed in a plastic bag and brought back to the boat. Once on the boat the
sample was immediately placed in Z-fix solution for fixation. The samples were kept in
the fixative for 7 days. Afterwards, the samples were decalcified in 5% HCl solution and
dehydrated in a graded series of ethanols. Each sampled was then cut into two pieces.
The pieces from each sample were embedded in Paraplast such that one piece was
oriented for a longitudinal cut and the other for a cross section. Sections were cut at 3
locations every 500 µm in each sample. At each location, 4 sections each 4 µm thick
were made. Two of the sections from each location were placed on one slide to create
two slides were created for each location. One set of slides for each location was stained
with Heidenhain’s aniline blue-method, while the other set was stained with Hematoxylin
and Eosin. After a cover slip was applied and set, the slides were observed under the
microscope for gamete development. The development stages of the gametes were
classified as in Szmant-Froelich et al. (1985; Table 3). The stages present were recorded
for each colony.
Table 3: Developmental stages of gametes (Szmant-Froelich et al. 1985).
Stage
Oocyte

Spermaries

0

No ova in mesentery

No spermaries in mesentery

I

Enlarged interstitial cells with large nuclei in
mesoglea of mesentery

II

Accumulation of small amount of cytoplasm

Small clusters of interstitial cells near or
entering mesoglea
Clusters of spermatocytes with distinct
spermary boundary; large nuclei
Spermatocytes smaller with smaller nuclei;
number of cells within spermary much larger
Spermatocytes with little cytoplasm; tails not
evident
Spermatozoa with tails; ready to spawn

III
IV

V

Oocytes of variable size; main period of
vitellogenesis
Ooocytes full size with indented nucleus;
stains dark red with Heidenhain’s stain
-
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2.4. Thermal Stress

After transport, the coral colonies were kept in a single outdoor 1500L, temperaturecontrolled recirculating aquaria supplied with filtered seawater. The tank was equipped
with biological filtration, a protein skimmer, heaters with temperature controllers, a
chiller and shade cloth to mimic the reef’s light conditions. Corals were kept at ambient
conditions measured in the field during coral collection (27°C in May 2015) for 24 hours
before beginning the thermal stress treatment. To simulate the thermal stress event, the
temperature in the tank was increased beginning on May 9, 2015 at a rate of 1°C per day
(± 0.5°C) until temperatures reached 31°C on May 12, 2015 (Figure 4). The tank was
maintained at 31°C from May 12 – May 16, 2015 (5 days). Beginning May 17, 2015 the
temperature decreased 1°C per day until temperatures returned to ambient conditions
(27°C) on May 20, 2015 (Figure 4). Once the thermal stress treatment was complete, the
corals were returned to their collection site on May 21, 2015 where they were epoxied to
the substrate and marked with a metal tag nailed into the substrate.
Max Monthly Mean C
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32

Alert Level 2

Alert Level 1
20
15

30
29
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28
27

5
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31

26
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0
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Day
Figure 4: Thermal stress treatment of colonies with temperature and degree heating weeks. The the
maximum monthly mean temperature and bleaching threshold for Southeast Florida are shown. Alert Level
1 indicates when bleaching is expected and Alert Level 2 is when bleaching is typically widespread.

Pulse Amplitude Modulated (PAM) fluorometry was used to monitor the health of the
colonies during the thermal stress treatment. Pulse Amplitude Modulated (PAM)
fluorometry measures the maximum fluorescence of the Symbiodinium via photosystem
11

II (Warner et al. 1999; Manzello et al. 2009). The levels of fluorescence can be used as a
proxy for photosynthetic efficiency, such that as fluorescence decreases, photosynthetic
efficiency decreases. This indicates that photoinhibition is occurring and that the
Symbiodinium is stressed/coral will bleach (Warner et al. 1999; Fitt et al. 2001, 2009;
Manzello et al. 2009). Each day at dawn, when fluorescence levels are at their highest,
maximum fluorescence was measured on 5 random polyps of each coral (Figure 5). The
fiber optic cable was maintained at a constant distance from each polyp during each
measurement.
2.5. Spawning and Egg Diameter

During the anticipated spawning period, the corals were kept in two 1500L,
temperature-controlled recirculating tanks equipped with filtered seawater. The corals
were separated by stressed and unstressed amongst the two tanks. Each tank was
equipped with biological filtration, a protein skimmer, temperature controlled heaters, a
chiller and shade cloth to mimic the reef’s light conditions. Corals were kept at ambient
temperature conditions measured in the field during coral collection (29°C in August
2015). Every night at sunset each colony was removed from the tank and placed in a
separate bucket with seawater for spawning since M. cavernosa is gonochoric and the
sexes of the colonies were unknown. The colonies were observed for spawning until
midnight and were then placed back in the recirculating aquaria. After spawning, all
corals were returned to their collection site and cemented to the reef accompanied by a
tag nailed to the substrate.
If a coral spawned, the adult treatment (stressed or unstressed), sex and time of
spawning was recorded. The eggs were collected by skimming the surface with a cup and
were gently poured into a separate bowl. Eggs from the same adult treatment were pooled
together. From each adult treatment (stressed and unstressed), 100 eggs were collected
and immediately photographed with an Olympus LC20 digital camera attached to an
Olympus SZ61 dissecting microscope. CellSens was then used to measure egg diameter
in micrometers. The sperm was removed with a pipette and placed into a separate bowl,
also pooled by adult treatment.

12

2.6. Fertilization Crosses

The gametes were brought into the lab and combined with a sperm concentration of
106 per mL to make the following fertilization crosses: i) egg from unstressed female
with sperm from unstressed male, ii) egg from unstressed female with sperm from
stressed male, iii) egg from stressed female with sperm from unstressed male, iv) egg
from stressed female with sperm from stressed male (Figure 6a). Each cross was
maintained in a separate bowl kept in a water bath at 29°C (ambient in Broward County,
August 2015). After one hour and every thirty minutes afterwards the eggs were observed
under the microscope for cleavage, i.e. fertilization. Once 80% of the eggs were fertilized
the sperm was removed by a series of dilutions with 1 µm filtered and sterilized seawater.
The embryos from each cross were then randomly divided into six bowls at a density of <
1 embryo.mL-1. The bowls were then randomly, but equally divided between water baths
of two treatments: 29°C and 31°C (three bowls from each cross per temperature
treatment; Figure 6b). The water in each bowl was changed daily.

Figure 5: Experimental Design: a) Fertilization crosses of adult colonies. Male and female symbols
represent sperm and egg from the corals. The color of the symbol represents the adult treatment: blue for
unstressed and red for stressed colonies. b) Larval treatment. c) Juvenile treatments.
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2.7. Larval Survival and Juvenile Initial Size

To determine the survival of the embryos/larvae at each temperature, 8 replicates of
50 embryos from each fertilization cross were placed in 200 mL glass jars containing 1
µm filtered and sterilized seawater without settlement cues. The jars from each cross
were kept in water baths at 29°C (ambient) and 31°C (projected for year XX). Each day
the embryos/larvae were counted and the water was replaced. If any larvae settled on the
glass these were recorded and removed from the jar. Survival was recorded until no
larvae remained.
To determine when the larvae acquired competency (i.e. ability to settle), each day
once the larvae started swimming (4 days post-fertilization), 5 replicates of 10 larvae per
larval treatment were randomly taken out of the bowls and moved to 200 mL glass jars
containing a settlement tile with 1 µm filtered and sterilized seawater. The settlement tile
was conditioned on the reef for 2–3 months so that coralline algae and bacteria could
colonize the tile and then act as settlement cues for the coral larvae. The jar was kept in a
water bath maintained at the same temperature as the bowl the larvae were taken from,
either 29°C or 31°C. The number of larvae settling and metamorphosing on each tile was
recorded 24 hours later. The larvae still swimming in the jar were removed and placed in
another jar with a new settlement tile and seawater. This process continued for until all
the larvae in each jar either died or settled.
Larvae not used for the survival experiment were settled out in 200mL containing a
settlement tile with 1 µm filtered and sterilized seawater. Once settled and
metamorphosed, a picture of each juvenile was taken with an Olympus LC20 digital
camera attached to an Olympus SZ61 dissecting microscope and CellSens was used to
measure initial surface area.
2.8. Juvenile Survival and Growth
Tiles with metamorphosed juveniles were mapped to track the identification and
position of each juvenile. The tiles were then randomly, but equally transferred to two
100L juvenile tanks kept at different temperatures (ambient of 29°C and future conditions
of 31°C, Figure 6c). To track each tile, a tile position in each tank was assigned the tile
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and maintained throughout the experiment. Every week from the settlement date, each
tile was removed from the tank and examined under the dissecting scope to determine
survival and a picture was taken to measure surface area to determine growth rate.
Unfortunately due to an outbreak of snails, all juveniles resulting from larvae kept at
31°C were consumed in the second week and no juvenile growth data from this treatment
was collected. Therefore, the juvenile growth rate data includes juveniles from all
fertilization crosses, but only from larvae raised at 29°C.
The juvenile tanks were each equipped with 2 SunSun JP-032 submersible pumps
with a flow rate of 350L/h to maintain an ideal oxygen concentration. An EHEIM Jager
submersible heater was used to maintain temperature, at either 29°C or 31°C.
Temperature was measured daily with an YSI® Pro20 temperature probe to insure
accuracy. Aquaillumination Sol LED lights were used to mimic light conditions found
on the reef. The lights followed a 12:12 light:dark photoperiod with sunrise at 07:00 and
sunset at 19:00. Solar noon irradiance was measured at the depth of the tiles and the
maximum irradiance was 200 µmol photons/m2s, which mimicked conditions on the reef.
The salinity of each tank was maintained at 35. Reverse osmosis water was added daily to
each of the tanks to replace evaporated water and maintain salinity. Fifty percent water
changes were performed 3 times a week with a 100% water change once a week. Water
quality tests were performed prior to 100% water changes to determine ammonia,
phosphate, nitrate, nitrite, and copper concentration. In order to introduce Symbiodinium
to the juvenile corals, sediment was collected from the reef during the August collection
of the adult colonies, then transferred and kept at NSU’s GHOC in the outside aquaria.
Prior to water changes on the juvenile tanks, sediment was removed from the aquaria and
bought into the lab. Seawater, 1 m filtered and sterilized, was mixed with the sediment
and then passed through a 53 m sieve to remove the sediment and large organics. Half
of the water for each water change would consist of water exposed to the sediment which
contained Symbiodinium.
2.9. Data Analysis
The statistical software R was used to conduct all analysis.
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2.9.1. Fluorescence

The fluorescence levels were tested for normality using a Shapiro-Wilk test and
homogeneity of variances using a Bartlett test. A one-way repeated-measures ANOVA
was used to compare fluorescence values over time.

2.9.2. Egg Diameter

The egg diameter from stressed and unstressed females was tested for normality
using a Shapiro-Wilk test and homogeneity of variances using a Bartlett test. A one-tailed
two independent sample t-test was used to compare egg diameter with the expectation
that stressed eggs would have a smaller diameter.

2.9.3. Larval Survival and Juvenile Initial Size
For larval survival, the effect of temperature and fertilization cross was
determined using the package “survival,” specifically using the “survfit” analysis
(Crawley 2002). This analysis produced a Kaplan-Meier survival curve for each
treatment and the “cox model” was used to test the effect of temperature and fertilization
cross on larval survival. To determine differences between two treatments, MantelHaenszel (log rank) tests were performed using the “survdiff” function.
The initial size post-settlement and metamorphosis was compared between
juvenile treatments. A one-way ANOVA (or, if parametric assumptions were not met, the
equivalent non-parametric Kruskal-Wallis test) was used to determine if larval
temperature and male and female stress exposure were significant in determining initial
size. If significant differences were found, a Tukey test (or equivalent non-parametric
test) were performed to determine differences between individual treatments.

2.9.4. Juvenile Survival and Growth
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For juvenile survival, the effect of temperature and fertilization cross was
determined using the package “survival,” specifically using the “survfit” analysis
(Crawley 2002). This analysis produced a Kaplan-Meier survival curve for each
treatment and the “cox model” was used to test the effect of temperature and fertilization
cross on juvenile survival. To determine significance between two treatments, MantelHaenszel tests were performed using the “survdiff” function to get a p-value.
The growth data was explored to first determine the type of curve that best fit the data.
Afterwards, a non-linear mixed effects model was created to describe the juvenile growth
rate from each treatment. The Akaike Information Criterion (AIC) from each treatment’s
model was recorded. The AIC, provides information about the quality of the model, such
that when comparing two models, the model with the lower AIC is the model with the
better fit. To assess if juvenile growth was dependent on temperature, the AIC of each
model that assumes factor-dependency (above described) was summed and compared to
the AIC of a model where treatments which experience different temperatures were
combined (temperature-independent model). If the AIC summed from the separate
models was smaller than the AIC of the combined model, then the growth was considered
temperature-dependent. The same procedure was used to determine the dependency of
growth on male and female treatment.

3. Results

3.1. Histology

Out of the 10 colonies samples, 6 colonies were observed with oocytes in May.
Figure 7 shows out of the six colonies the percent of colonies that contained each
developmental stage of oocytes. Only stages 1 – 3 were observed in the colonies. No
spermaries were found in any of the samples. Therefore, at the time of the thermal stress
spermatogenesis had not begun, but oogenesis was in process.
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Figure 6: Percent of colonies with each developmental stage of oocyte. Stage I oocytes are enlarged
interstitial cells with large nuclei; stage II have an accumulation of small amounts of cytoplasm and stage
III are in main period of vitellogenesis (Szmant-Forelich et al. 1985).

3.2. Fluorescence

The fluorescence data was not normal and did not meet the assumption for
homogeneity of variances. Therefore, a Friedman test was used. There was no significant
change in fluorescence over time (Figure 7).
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Figure 7: Average fluorescence (Fv/Fm ±SE) of colonies over thermal stress treatment

3.3. Spawning

Spawning occurred from September 4–8, 2015 from 2030 to 2230 hours (Table
4). Each night each possible fertilization cross was made by pooling together the gametes
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within each adult treatment. Four male and female unstressed colonies spawned while
four male and three female stressed colonies spawned. Unstressed colonies spawned each
day from September 4th – 8th, while stressed colonies only spawned from September 5th –
7th.
Table 4: Spawning information.
Date

Time

Adult Treatment

September 4, 2016

21:00

Unstressed
Stressed

September 5, 2016

20:45
Unstressed
Stressed

September 6, 2016

20:45
Unstressed
Stressed

September 7, 2016

20:35
Unstressed

September 8, 2016

20:20

Unstressed

Sex

Number of Colonies

Male

1

Female
Male
Female
Male
Female
Male

1
2
2
3
2
4

Female
Male
Female
Male
Female
Male
Female

3
4
4
3
2
3
3

Male
Female

1
1

3.4. Egg diameter

The data for egg diameter was normal for each treatment (Shapiro test: p=0.1372
for eggs from unstressed females and p=0.06751 for eggs from stressed females). In
addition, the data met the parametric assumption for homogeneity of variances (Bartlett
test: p=0.675). The one-tailed two independent sample t-test revealed that eggs from
stressed females had significantly lower egg diameters than eggs from unstressed adults
(p=0.02381; Figure 8). The average egg sizes were 359.3 ± 1.1 and 362.3 ± 1.1 µm for
eggs from stressed and unstressed females, respectively.
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Figure 8: Boxplot of egg diameter (µm) from stressed and unstressed adults.

3.5. Larval Survival and Juvenile Initial Size

The Cox Model demonstrated that larval survival was significantly affected by
temperature (p < 2x10-16) and fertilization cross (p=2.66x10-15). The Kaplan-Meier
survival curves were overall different amongst treatments for larval survival (Figure 9).
The Mantel-Haenszel tests determine which pairs of treatments were significantly
different. Using the Kaplan-Meier curves and Mantel-Haenszel tests, an order of highest
to lowest survival was established (Figure 10). Based on the survival order significance
levels, conclusions were drawn about the transgenerational effects (Table 5. Higher
temperature was found to significantly decrease larval survival (p = 2.88x10-7). When
both the male and female adult colony was exposed to thermal stress and the larvae were
raised at ambient conditions (29ºC) there was no transgenerational effect (Table 5; p =
0.483). However, when the larvae from stressed parents were raised at elevated
conditions (31ºC), a negative parental effect was present (Table 5; p = 0.00152).
Therefore, no transgenerational acclimation was observed. Since fertilization crosses with
only one parent being exposed to thermal stress were performed, the maternal and
paternal effects were isolated. When the female adult colony was exposed to thermal
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stress and the larvae were raised at either temperature a negative maternal effect was
present (Table 5; p = 5.74x10-12 at 29ºC and p = 0 at 31ºC). This means that stressed
female colonies did not produce transgenerational acclimation. When the male adult
colony was exposed to thermal stress and the larvae were raised at 29 ºC, no effect was
present (Table 5; p=0.14). However, when larvae with only the male being exposed to
thermal stress were raised at 31ºC these performed better that larvae with both parents
unstressed (Table 5; p = 9.19 x10-7). Therefore paternal transgenerational acclimation
was present.

Figure 9: Kaplan-Meier Survival Curves for larval survival. Male and female symbols represent sperm and
egg from the corals. The color of the symbol represents the adult treatment: blue for unstressed and red for
stressed colonies. The temperature indicates the temperature the larvae were reared at. The legend is in the
order from highest to lowest survival.
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Initial surface area of newly-formed juveniles was found to be significantly
different between treatments (p = 8.42x10-6). However, the only significant driver of the
difference was larval temperature (p = 1.31x10-6). Male and female exposure were not
significant in determining initial juvenile size (p = 0.1833 and p = 0.09894 respectively).
Only three treatment comparisons were significantly different (Figure 10).

Figure 10: Size at settlement of individuals produced by different adult crosses and reared under different
temperatures during larval development. Male and female symbols represent sperm and egg from the
corals. The color of the symbol represents the adult treatment: blue for unstressed and red for stressed
colonies. The temperature is the temperature the larvae were reared at.

22

3.6. Juvenile Survival and Growth

The Cox Model demonstrated that juvenile survival was significantly affected by
temperature (p = 9.84x10-7) and fertilization cross (p = 9.86x10-6). Overall the Kaplan
Meier curves were different between juvenile treatments (Figure 10). The MantelHaenszel tests determined which pairs of treatments were significantly different. Using
the Kaplan-Meier curves and Mantel-Haenszel tests, an order of highest to lowest
survival was established (Figure 11). Based on the survival order significance levels,
conclusions were drawn about the transgenerational effects (Table 5). Temperature was
found to significantly decrease juvenile survival (p = 0.0451). When both the male and
female adult colony was exposed to thermal stress and the larvae were raised at either
ambient (29ºC) or elevated (31ºC) temperatures, a negative parental effect was present (p
= 1.24x10-6 for 29ºC and p = 0.00492 for 31ºC). Therefore, no transgenerational
acclimation was present. When only the female adult colony was exposed to thermal
stress and the larvae were raised at either temperature, a negative maternal effect was
present (p = 0.00279 for 29ºC and p = 0.038 for 31ºC). This also signifies that no
transgenerational acclimation occurred. When the male adult colony was exposed to
thermal stress and the larvae were raised at 29ºC, no effect was present (p = 0.0506).
However, when larvae with only the male being exposed to thermal stress were raised at
31ºC, a negative paternal effect was present (p = 0.000526). Therefore, no paternal
transgenerational acclimation was present.
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Figure 11: Kaplan-Meier Survival Curves for juvenile survival. Male and female symbols represent sperm
and egg from the corals. The color of the symbol represents the adult treatment: blue for unstressed and red
for stressed colonies. The temperature indicates the temperature the larvae were reared at. The legend is in
the order from highest to lowest survival.

The growth of the coral juveniles best fit with a power function. A power function
is y = axb, where in the case of this experiment “a” is the average initial size of the
juveniles when the growth experiment started and “b” is the juvenile growth rate. The
growth curves from the individual juveniles are plotted in Figure 12 with the equations
generated from the model. The growth curves based on the models are plotted in Figure
24

13. The growth rate was obtained from the value of “b” generated by the model. Based on
the AIC values, temperature did not significantly affect growth rate (Table 7). However,
stressed gametes significantly increased growth rate at both juvenile temperatures.
Isolating the effects of the male and female revealed that the condition of the female had
no effect on the growth rate at both temperatures, while the male when stressed
significantly increased growth rate.
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Figure 12: Growth curves of juvenile corals from individual juveniles. Male and female symbols represent
sperm and egg from the corals. The color of the symbol represents the adult treatment: blue for unstressed
and red for stressed colonies. The temperature is the condition the juveniles were reared at.
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Figure 13: Growth curves of juvenile corals based on model functions. Male and female symbols represent
sperm and egg from the corals. The color of the symbol represents the adult treatment: blue for unstressed
and red for stressed colonies. the temperature is the condition the juveniles were reared at.

4. Discussion

Overall, corals reproduced after the thermal stress that occurred in the adult stage
during oogenesis/before spermatogenesis; however, there were significant
transgenerational effects. Egg size from stressed females was found to be significantly
smaller than eggs from unstressed females. Stressed females produced negative maternal
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effects for larval survival, while stressed males produced transgenerational acclimation.
Initial juvenile size was smaller when the larvae were raised at elevated temperature.
Exposure of the parents (male and female) to thermal stress produced negative parental
effects for juvenile survival. Finally, exposure of males to stress increased juvenile
growth rate, while exposure of females to stress and higher temperatures during early
development had no effect.
Similar to other studies (Ward et al. 2000; Michalek-Wagner and Willis 2001b; Jones
and Berkelmans 2011), egg size was found to be significantly reduced by adult exposure
to thermal stress. The lower egg size is likely due to a reduction in energy allocation to
the eggs since the adults were under stress. Previous studies have shown that bleached
colonies have significantly less lipid content (Ward et al. 2000; Rodrigues et al. 2008)
and therefore would have less energy reserves to allocate to the eggs. Although the
colonies in this experiment did not bleach, thermal stress has been shown to reduce the
products translocated from the symbionts to the coral (Porter et al. 1989; Grottoli et al.
2004; Yamashiro et al. 2005; Grottoli et al. 2006). Particularly since the thermal stress
occurred during oogenesis, it most likely interrupted the process of incorporating lipids
into the eggs. Lipid allocation to the eggs is important because coral larvae are
lecithotrophic and therefore depend on the energy allocated by the parents to the gametes
to survive (Yamashiro et al. 1999; Harii et al. 2010). Egg resorption in corals has been
previously reported in literature (Rinkevich and Loya 1979; Szmant-Froelich et al. 1980;
Sier & Olive 1994; Neves & Pires 2002; Lueg et al. 2012). Specifically, oocytes are
translocated back into the coral tissue for energy use either during or after the spawning
period (Sier and Olive 1994; Neves and Pires 2002). It has been suggested that egg
resorption in corals may be a stress response to bleaching (Michalek-Wagner and Willis
2001a). Although, egg resorption has recently been shown in Siderastrea siderea not as a
stress response, but as a part of the gametogenic cycle (St. Gelais et al. 2016). In this
experiment, colonies were not sampled for fecundity during spawning to prevent further
stress.
Larval survival was found to be negatively affected by elevated temperature, as other
coral studies have shown (Edmunds et al. 2001; Bassim and Sammarco 2003; Brooke and
Young 2005; Baird et al. 2006; Randall and Szmant 2009; Figueiredo et al. 2014).
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Elevated temperature can prevent embryogenesis or cause abnormalities to the embryo
while undergoing cell division (Bassim et al. 2002; Brooke and Young 2005; Woosley et
al. 2015). The development of the embryo is critical such that any abnormalities in cell
division will lead to death of the embryo. The highest mortality of larvae occurred within
the first few days (Figure 9) and is most likely due to abnormalities during embryonic
development. Larval survival was further affected beyond embryonic development likely
due to damage in larval physiology, such as depressed ciliary activity (Bassim and
Sammarco 2003; Randall and Szmant 2009) and higher metabolic rate (Edmunds et al.
2001). With higher metabolic rates, larvae respire more, exhausting energy reserves faster
and deplete oxygen, which leads to lower survival (Edmunds et al. 2001; Putnam and
Gates 2015). Increased mortality under high temperatures may be potentially mitigated
by transgenerational acclimation.
The exposure of the adults to thermal stress significantly affected larval survival.
Exposure of the males to thermal stress led to paternal transgenerational acclimation,
while the exposure of the females to stress was shown to have negative maternal effects.
The negative maternal effect is likely a result of the reduced egg size and therefore lower
energy provided to the larvae. It is unknown in what way the stressed males provided an
advantage to their offspring under elevated temperature conditions, but possible
mechanisms include addition of particular products, such as hormones and enzymes, or
manipulation of gene expression to produce a certain phenotype (Rossiter 1996).
Regardless, when both parents were stressed (which is usually the scenario in nature)
their offspring had negative parental effects under warmer conditions. This demonstrates
that the negative maternal effect outweighed the paternal transgenerational acclimation.
Maternal effects in other studies have shown to be prevalent (Uller 2008), but studies
demonstrating the importance of paternal effects are limited. Similar effects of
transgenerational acclimation in this study were seen in a study of a polychaete worm,
Hydroides diramphus, with changes in salinity. Jensen et al. (2014) found that larvae
perform better at the same salinity conditions their parents experienced and that the
duration of the salinity exposure was important in producing transgenerational
acclimation. Both male and female produced transgenerational effects; however, unlike
the experiment presented here, both parents produced positive effects. Parents had to be
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exposed to the salinity environment for seven days in order to produce a
transgenerational effect. It is uncertain how long the gametogenic cycle is in this species
(at least 14 days) and when the timing of the salinity exposure occurred in relation to
oogenesis and spermatogenesis, therefore it is unknown how the timing of the exposure
influenced the maternal and paternal transgenerational effects
In this study, the difference observed in the transgenerational effect from the male
and female is most likely due to the timing of the thermal stress event relative to the
gametogenesis. The thermal stress was induced in the middle of oogenesis, but prior to
spermatogenesis. Therefore, it is possible that the thermal stress caused damaged to the
eggs, but could have provided male colonies with the opportunity to incorporate certain
products into their sperm or manipulate gene expression to produce a certain phenotype.
No studies have investigated the effects of timing of thermal stress on the reproductive
output of corals, nor investigated potential transgenerational effects. However, it appears
that thermal stress just prior to spawning impedes reproduction (Fine et al. 2001), while
thermal stress that occurs months before spawning allows for recovery time and
spawning may occur (Szmant and Gassman 1990; Omori et al. 2001; Cox 2007). Based
on these same studies, Armoza-Zvuloni et al. (2011) noted that reproductive success is
determined by duration and severity of bleaching stress, such that corals are more likely
to reproduce if thermal stress is less severe and shorter.
No transgenerational effects of thermal stress were found on the size of the newlyformed juveniles, but there was an effect of larval temperature. Elevated temperature
during the larval stage decreased juvenile size at the time of settlement. As mentioned
previously, elevated temperature increases the metabolic rate of the larvae (Edmunds et
al. 2001) and therefore energy reserves in the larvae may be depleted faster. Since the
larvae are mostly composed of lipids (Figueiredo et al. 2012), a decrease in lipid content
it the larvae leads to a smaller juvenile (Marshall et al. 2003). This same effect was
observed in the sea urchin, Heliocidaris erythrogamma, where smaller egg sizes
produced smaller juveniles (Emlet and Hoegh-Guldberg 1997). In Orbicella (previously
Montastraea) faveolata, lower levels of salinity during the larval stage decreased the size
of the basal disk after settlement most likely due to increased planula activity (Vermeij et
al. 2006). In addition, other marine invertebrates, such as crabs, when unfed during the
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larval stage, which decreases energy reserves, produced smaller juveniles (Figueiredo et
al. 2008).
Juvenile survival was found to be negatively affected by elevated temperature and by
the exposure to thermal stress of both parents. In a previous study, as in larvae, elevated
temperature increases metabolic rate in juveniles, which decreases their survival
(Edmunds 2005). However, unlike in the larvae, juveniles suffered the negative parental
effects of thermal stress. The negative paternal effect could be caused by a latent effect
from the larval stage (Pechenik 2006). Since all the juveniles from the survival
experiment were kept at ambient conditions (29ºC) during the larval stage, the switches
in temperature between adult, larval and juvenile stages could have created a phenotypeenvironment mismatch (Dewitt et al. 1998). Larvae originating from thermally stressed
males had a phenotype conditioned for warmer environments and by placing them at a
lower temperature this negatively affected the larvae and therefore subsequent juveniles.
An important consideration in studies of acclimation is genotype. Studies have found
that certain genotypes within a coral species are more thermally tolerant that others due to
previous exposure to thermal stress which has led to gene modification and selection over
time for those individuals that are thermally tolerant (Coles and Jokiel 1978; Jokiel and
Coles 1990; D’Croz and Maté 2004; Barshis et al. 2010). However, the experimental
design used attempted to minimize as much as possible potential effects of genotype.
Specifically, in this study the effects of genotype were minimized by collecting the adult
colonies that were stressed and unstressed colonies from the same sites, but more than
one meter apart. Clonality in M. cavernosa is very rare, about 1% in the Caribbean
(Serrano et al. 2014). In addition, all the gametes from multiple colonies in the same adult
treatment were pooled together. It would have been possible to control for genotype
effect by dividing each colony into two and then exposing one half to thermal stress
while the other half remained unstressed. However, due to permit restrictions and
uncertainty about the recovery, particularly capacity for reproduction, of colonies with
tissue lesions to resist potential disease when exposed to thermal stress, this procedure
was not done. Therefore, we followed the protocol used in similar experimental studies
on transgenerational effects with coral (Putnam and Gates 2015) and undividable
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organisms such as fish (e.g. Donelson et al. 2012, Miller et al. 2012; Munday et al. 2014;
Welch et al. 2014).
Juvenile growth was affected by the exposure of the parents to thermal stress, but the
growth rate was not affected by temperature. Previous studies on the effects of
temperature on juvenile growth have conflicting results. Anlauf et al. (2011) found higher
calcification rates in newly-settled juvenile corals of Porites panamensis reared at
temperatures 1ºC above their current temperature for forty-two days. However, Edmunds
(2004) found that a 0.06 ºC yr-1 temperature increase over twelve years decreased the
growth rate in coral juveniles (2–40 mm in size) from a variety of species (Siderastrea
spp, Porites spp., Agaricia spp., Favia spp.). In terms of thermal stress, the juveniles
from which the father was exposed to thermal stress had higher growth rates at both
current and heated temperatures. This could indicate that there was some
transgenerational acclimation; however, these results need to be assessed considering the
mortality that occurred during the juvenile stage.
The results of survival and growth within the juvenile stage produced different
transgenerational effects. Juvenile survival revealed only negative parental effects while
juvenile growth rate showed paternal transgenerational acclimation and no maternal
effect. The reason for the observed paternal transgenerational acclimation may be due to
selection of only the larger juveniles over time. Referring back to Figure 12, at the
beginning of the juvenile growth experiment there were several individuals where the
size was below the average. However, these smaller juveniles died after a couple weeks
leaving only the larger juveniles in each treatment. As a result, the average juvenile size
increased artificially during the later weeks and skewed the growth rate. In other words,
the less fit juveniles did not survive and therefore were not used to calculate the growth
rate. Thus paternal transgenerational acclimation may be artificial. To resolve this, the
data could be reanalyzed considering only the growth of the individuals that survived the
entire two month period. However, the number of juveniles that survived this period of
time is very small across all treatments.
Contrasting transgenerational acclimation, many studies have shown that acclimation
can occur within a coral generation. In both the Great Barrier Reef (Maynard et al. 2008)
and South East Asia (Guest et al. 2012), corals that bleached in 1998 did not bleach in
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later bleaching events; while corals that did not bleach in 1998 tended to be susceptible to
later bleaching events. In addition, areas with highly fluctuating temperature conditions
have produced to acclimatization in adult corals to bleaching (Oliver and Palumbi 2011).
One study in the Mediterranean which experienced repeated bleaching events observed
that in the first year of bleaching, reproduction of bleached colonies did not occur, but
after years of bleaching events gametogenesis improved and reproduction occurred
(Armoza-Zvuloni et al. 2011).
Another way that corals may be able to acclimate to thermal stress is through
acquisition of more thermally tolerant clades of Symbiodinium. Following bleaching
events, adult corals can switch to more thermally tolerant clades of symbionts (Baker et
al. 2004; Coles and Brown 2004; Jones et al. 2008). Since the juvenile corals acquired
Symbiodinium, the genetic analysis is currently underway to determine what clade of
Symbiodinium the juveniles acquired. Any difference between treatments may further
explain the juvenile survival and growth data. However, juvenile corals that undergo
horizontal transmission of symbionts have been found to host many different clades of
Symbiodinium for at least the first three months (Rodriguez-Lanetty et al. 2004; Abrego
et al. 2009; Dunn and Weis 2009; Cumbo et al. 2013). Since the juveniles in this
experiment were only two months old, it is unlikely that there will be any significant
difference between treatments in terms of symbiont clade.
This study demonstrated that exposure to thermal stress in the adult stage can produce
both negative parental effects and transgenerational acclimation in larvae and juveniles.
Both maternal and paternal effects were important, but varied between genders. In
addition, the effects were different at different coral life history stages. Interestingly, this
study suggests that transgenerational effects produced may be influenced by the timing of
the stress event. If a stress event occurs prior to gamete formation this may produce
transgenerational acclimation, while if the event occurs during gamete formation this may
produce negative parental effects. Future studies should investigate how different timings
of thermal stress may elicit different transgenerational effects. Furthermore, this study
indicates that a non-genetic mechanism, transgenerational acclimation, may be possible
for corals to adjust to climate change.
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